Introduction
Ionizing radiation (IR), based on its ability to target many cellular components, has multiple eects on a cell. In addition to its ability to damage DNA and cellular membranes through the production of free radical species, IR also results in the activation of transcription factors including Egr-1, AP-1 and NF-kB (Datta et al., 1993; Hallahan et al., 1995; Lee et al., 1998; Li and Karin, 1998) . In response to IR, a cell can undergo cell cycle arrest or cell death by necrosis or apoptosis. In both of these responses, p53 plays a central role. Apoptosis involves an organized series of biochemical events that lead to characteristic morphological traits including cell shrinkage, loss of cell-to-cell contact, and chromatin condensation (Kerr et al., 1972) . The key event in the initiation of apoptosis is activation of caspases (Thornberry and Lazebnik, 1998) . Caspases are cysteine endopeptidases with speci®city for aspartic acid residues. In mammalian cells, caspase activation can be initiated by two distinct mechanisms, one that is cell surface receptor-mediated (death receptors: Ashkenazi and and another that is mediated by mitochondrial factors (Green and Reed, 1998) . In each case, activation of a proximal caspase, such as caspase-8 for receptor mediated and caspase-9 for mitochondrial mediated apoptosis, results in a cascade wherein downstream caspases are activated culminating in the activation of terminal caspases such as caspase-3 that cleave structural (e.g. laminin, actin) as well as metabolic (e.g. PARP, DNA pol) cellular proteins resulting in the cell's demise (Thornberry and Lazebnik, 1998) .
The primary lesions of many anti-cancer therapeutic modalities have been identi®ed and are found to be varied. However, recent studies suggest that lesions caused by seemingly unrelated therapeutic agents can trigger a common cell death pathway. Therefore, a greater understanding of signaling pathways and their relevance to the overall ecacy of cancer therapeutics may lead to improved therapies and/or treatment regimens. Ionizing radiation is known to induce death by apoptosis in malignant and nonmalignant cells. The mechanism by which IR initiates the apoptotic cascade is unclear. The importance of the Fas receptor and ligand in IR-induced apoptosis has been suggested by some (Booker et al., 1998; Belka et al., 1998; Reap et al., 1997) , however, others contradict this assertion (Rehemtulla et al., 1997; Newton and Strasser, 2000) . Lymphocytes from transgenic mice that over-express the FADD-DN molecule are resistant to Fas induced apoptosis but not IR-induced apoptosis suggesting a lack of involvement of death receptors in IR-induced apoptosis (Newton and Strasser, 2000) . A role for ceramide as a second messenger has also been proposed in IR-induced apoptosis. The elegant studies of Santana et al. (1996) demonstrated that acid sphingomyelinase de®cient human lymphoblasts and mice are defective in IR-induced apoptosis. Subsequent studies have supported as well as contradicted this initial observation (reviewed in Radford, 1999) . None the less it appears that the involvement of ceramide in initiating IR-induced apoptosis may be a cell type speci®c phenomenon.
Mitochondria are a critical component of the apoptotic cascade in response to various forms of cellular stress (Green and Reed, 1998) . The ability of mitochondria to initiate apoptosis is dependent on the release of cytochrome c. (Liu et al., 1996) and/or AIF (Susin et al., 1996) . Previous studies have shown a role for mitochondria in cellular response to various chemotherapeutic agents and IR. Yoshida et al. (1998) showed that cells lacking Apaf-1 were resistant to dexamethasone, etoposide and IR. Kharbanda et al. (1997) demonstrated the presence of cyto c within the cytosol in response to IR, providing further support for the involvement of mitochondria. Our previous studies have demonstrated that IR treatment of cells results in loss of mitochondrial membrane potential (Rehemtulla et al., 1999) . The importance of mitochondria in IRinduced apoptosis is also supported by the observation that Bcl-X L expression prevents loss of mitochondrial integrity and apoptosis after IR (Rehemtulla et al., 1999) . Bcl-2 family members, often found on the mitochondrial outer membrane (Krajewski et al., 1993) , regulate the cell apoptotic potential by maintaining mitochondrial homeostasis (Vander Heiden et al., 2000; Green and Reed, 1998) .
In an eort to more clearly de®ne the mechanism by which IR-induced apoptosis leads to activation of the caspase cascade, we utilize an in-vitro assay for apoptosis in combination with cellular fractionation to de®ne the role of cytosolic, membrane and mitochondrial component. IR treatment of the mitochondrial fraction but not the membrane or cytosolic fractions led to ecient initiation of the apoptotic cascade. In support of this, we demonstrate that caspase 9 activity is crucial for the initiation of IRinduced apoptosis and also that Apaf-1, cyto c and ATP are required co-factors. Taken together these results indicate that the mitochondria are pivotal in IRinduced apoptosis.
Results

Cytosol from irradiated cells can induce apoptotic morphology onto naive nuclei
In an eort to identify speci®c molecular events that mediate apoptosis in response to ionizing radiation we used a cell free assay to detect the presence of apoptotic activity. To ®rst establish whether extracts from irradiated cells could induce morphological changes characteristic of apoptosis onto naõÈ ve nuclei we prepared cytosolic extracts (12 h after treatment) from Jurkat cells treated with 0, 2, 5 and 10 Gy of ionizing radiation. These extracts were incubated with nuclei isolated from untreated Jurkat cells, for various times at 378C. At each time point nuclei were stained using DAPI and visualized under a¯uorescence microscope. Incubation of nuclei with cytosol from irradiated cells resulted in their rapid destruction. Within an hour of incubation the nuclei had chromatin condensation around the periphery and eventually the nuclei appeared fragmented due to blebbing. In contrast, nuclei co-incubated with cytosol from untreated cells appeared normal for up to 16 h (Figure 1 ). There was a time dependent increase in the percentage of nuclei undergoing fragmentation in the presence of cytosol from Jurkat cells irradiated with various doses of ionizing radiation (Figure 1 ). Since these changes in nuclear morphology were characteristic of cells undergoing apoptosis we wanted to investigate if caspase activity was required to induce these changes in nuclei. Cytosolic extracts were prepared from irradiated and un-irradiated cells pre-treated with 25 mM ZVAD-fmk and subsequently incubated with naõÈ ve nuclei to detect the presence of apoptotic activity. Presence of the caspase inhibitor ZVAD-fmk almost completely abolished apoptosis inducing activity from cytosol prepared from irradiated cells (data not shown).
To investigate which caspase initiates ionizing radiation-induced apoptosis we constructed MCF-7 as well as Jurkat cells that over-expressed a dominant negative form of caspase-8 (caspase-8-DN) or caspase-9 (caspase-9-DN). Previous studies have shown that expression of dominant negative forms of caspase-8 and 9 results in inhibition of the corresponding endogenous caspase activity (Perkins et al., 2000) . Expression of caspase 9-DN in MCF-7 or Jurkat cells resulted in a greatly diminished ability to undergo apoptosis in response to ionizing radiation. In contrast, the caspase-8-DN expressing cells were not signi®cantly inhibited from undergoing apoptosis especially at the early time points (Figure 2a,b) . Caspase-8-DN expressing cells were found to be much more resistant to UVinduced apoptosis compared to wild type MCF-7 cells or caspase-9-DN expressing MCF-7 cells (Figure 2c ). Pretreatment of Jurkat cells with speci®c inhibitor of caspase-9 (LEHD-FMK) or caspase-8 (IETD-FMK) before radiation gave similar results, with inhibition of apoptosis in the presence of caspase-9 inhibitor (data not shown).
Role of mitochondria in the initiation of radiation-induced apoptosis
Release of cyto c in response to IR has been demonstrated by Kharbanda et al. (1997) . We observed cytosolic cyto c 2 h after irradiation of Jurkat cells that accumulated with increase in duration of treatment (Figure 3 ). Cytosolic cyto c was also observed in MCF-7 cells after irradiation (data not shown). Loss of cyto c has been shown to be dependent and in some cases independent of changes in mitochondrial membrane permeability (DCm). We investigated changes in mitochondrial membrane permeability in MCF-7 cells using laser scanning confocal microscopy to simultaneously measure mitochondrial¯uorescence of TMRM (tetramethylrhodamine) and cytosolic¯uorescence of calcein (Figure 4) . Opening of the permeability transition pore results in mitochondrial depolarization with loss of TMRM uorescence and diusion of calcein from the cytosol into the mitochondria. Loss of mitochondrial mem-brane potential was noted in MCF-7 cells 75 min after exposure to IR, indicated by a decrease in thē uorescence of TMRM (Figure 4b ). Concurrently, calcein redistributed from the cytosol into the mitochondria, demonstrated by loss of the dark voids in calcein¯uorescence corresponding to mitochondria. Mitochondria in control MCF-7 cells retained¯uores-cence and remained refractory to entry of calcein, indicated by bright, punctate¯uorescence of TMRM and the presence of dark mitochondrial voids in thē uorescence of calcein after 120 min ( Figure 4a ). Quantitation of TMRM¯uorescence intensity revealed that mitochondria in MCF-7 cells exposed to IR depolarized rapidly between 75 ± 90 min after exposure ( Figure 4c ). TMRM¯uorescence was unchanged from initial levels at 75 min but dropped by 61%, 90 min after exposure to IR, and to 39% of initial by 120 min. In contrast, mitochondria in control MCF-7 cells did not depolarize and retained TMRM¯uorescence through 120 min. Jurkat cells showed similar results with a loss of TMRM¯uorescence when exposed to IR (data not shown). Preincubation with 1 mM cyclosporin A (CsA) prior to exposure to IR prevented mitochondrial depolarization and permeability to cytosolic calcein ( Figure 5 ), suggesting that the observed eects of IR on mitochondrial energetics and permeability in MCF-7 cells resulted from opening of the permeability transition pore. To examine if the ability of CsA to prevent the loss of mitochondrial membrane potential and permeability in response to IR also resulted in inhibition of apoptosis, Jurkat cells were irradiated with 10 Gy in the presence and absence of CsA pretreatment. As shown in Figure 5b , pretreatment of Jurkat cells signi®cantly inhibited IRinduced apoptosis suggesting that loss of DCm and PTP opening are required for the initiation of apoptosis. Figure 1 Cytosolic fractions from irradiated cells can induce nuclear apoptosis. Jurkat cells were treated with various doses of ionizing radiation and after 12 h cytosolic fractions were prepared and tested for their ability to induce apoptotic morphology onto nuclei isolated from untreated Jurkat cells in a time dependent manner. Nuclei were stained with DAPI as described to quantitatively determine the percentage of nuclei having apoptotic morphology. The presented data are derived from at least three experiments with the standard deviations shown Figure 2 Caspase 9 is required for IR-induced apoptosis. Jurkat (a) or MCF-7 (b and c) cells stably expressing dominant negative forms of Caspase-8 or Caspase-9 were irradiated with 10 Gy of IR (a and b) or 10 J of UV (c) after which the percentage of cells undergoing apoptosis was determined using PI staining. The presented data are derived from at least three experiments with the standard deviations shown Figure 3 Ionizing radiation induces release of cytochrome c into cytosol. Jurkat cells were either left untreated or irradiated (10 Gy). Cytosolic extracts prepared at various times were analysed for the presence of cytochrome c by Western blotting using a cytochrome c speci®c antibody
To investigate if direct irradiation of mitochondria was sucient to result in the release of mitochondrial factors and initiate apoptosis, mitochondria were isolated from Jurkat cells, irradiated and incubated in the presence of a naõÈ ve cytosolic fraction and nuclei. Number of nuclei appearing morphologically apoptotic was determined at dierent time points. Incubation of mitochondria derived from irradiated Jurkat cells but not untreated cells, with cytosol and nuclei from untreated cells resulted in the appearance of morphologically apoptotic nuclei in a time dependent manner ( Figure 6 ). Similarly, irradiation of mitochondria isolated from untreated cells also resulted in initiation of apoptosis in a cell free system. Similar results were obtained when mitochondria were derived from MCF-7 cells (data not shown). This suggested that direct irradiation of mitochondria is sucient to activate the caspase cascade.
To further investigate if loss of mitochondrial integrity required IR mediated production of reactive oxygen species (ROS), MCF-7 cells were preloaded with the¯uorescent dye 6-carboxy-2',7'-dichlorodihydro¯uorescein diacetate, di(acetoxymethyl ester) (DCF) and treated with IR. Scanning these cells under a confocal microscope showed an immediate production of ROS (Figure 7a , 0 min) and a subsequent increase (Figure 7a , 60 min) after IR. Jurkat cells when irradiated showed a similar response (data not shown). To investigate if ROS production upon IR was required for the induction of apoptosis, Jurkat cells were pretreated with a free radical scavenger NAC (N-Acetyl cysteine) 1 h prior to irradiation. Thirty-seven per cent of untreated Jurkat cells underwent apoptosis 48 h after irradiation while IR-induced apoptosis was inhibited to 13% in the presence of NAC (Figure 7b ). Ionizing radiation induces loss of mitochondrial membrane potential and opening of the PTP. MCF-7 cells loaded with Tetra Methyl Rhodamine (TMRM) and Calcein, washed and then treated with IR (10 Gy) after which images were taken every 15 min using a confocal microscope. Representative images are shown for speci®c times for untreated control (a) as well as IR treated (b) cells. Loss of mitochondrial membrane potential was determined by quantitating the decrease in TMRM¯uorescence compared to control (c). Opening of PTP was visualized by the loss of dark voids due to entry of calcein into mitochondria A functional electron transport chain is not required for IR-induced apoptosis
The above results indicate that IR-induced apoptosis is initiated by the production of ROS which results in the loss of mitochondrial integrity and release of cyto c. Presence of cyto c within the cytosol can then result in the activation of caspase cascade. To test the hypothesis that the mitochondrial electron transport chain may be involved in IR induced PTP opening, we Figure 5 Cyclosporin A inhibits IR mediated loss of mitochondrial membrane potential, opening of PTP and apoptosis. MCF-7 cells were irradiated (10 Gy) in the presence (a, top four panels) or absence (a, bottom two panels) of 1 mM CsA after which mitochondrial membrane potential and PTP opening (as in Figure  4 ) was analysed at 15 min intervals (0 and 120 min images are shown). To determine the eect of CsA on IR-induced apoptosis control Jurkat cells and CsA pretreated Jurkat cells were irradiated (10 Gy) and the presence of apoptotic cells was determined after PI staining. The presented data shows percentage mean+standard deviations from at least three experiments (b) Figure 6 Irradiated mitochondria are sucient to induce apoptosis in a cell free system. Untreated isolated mitochondria, mitochondria derived from irradiated cells as well as IR treated isolated mitochondria were added to naõÈ ve cytosol and the ability of this mixture to induce apoptotic morphology onto naõÈ ve nuclei was determined at various times using DAPI staining. The presented data are derived from at least three experiments with the standard deviations shown Figure 7 IR induces ROS production and a free radical scavenger inhibits IR-induced apoptosis. MCF-7 cells were preloaded with DCF to visualize the presence of reactive oxygen species (ROS) in the absence of IR (untreated) or immediately after (0 min) and 60 min after IR treatment (10 Gy; a). To determine the role of free radicals in IR-induced apoptosis, Jurkat cells were treated with N-acetylcysteine 1 h prior to irradiation and the number of cells undergoing apoptosis was determined at various times by PI staining. The presented data are derived from at least three experiments with the standard deviations shown (b) generated rho (r8) cells that lack a functional electron transport chain. The ability of Jurkat r8 cells to undergo apoptosis was not signi®cantly dierent from that of parental Jurkat cells when intact cells were irradiated with 10 Gy of IR and examined for apoptotic morphology after 24, 48 and 72 h ( Figure  8a ). To further support this observation we isolated mitochondria from Jurkat and Jurkat r8 cells and tested their ability to induce apoptosis onto naõÈ ve nuclei after incubation with cytosolic extracts from Jurkat cells. Mitochondria from Jurkat and Jurkat r8 cells were equally able to induce apoptosis in response to IR, irrespective of the fact that the mitochondria were treated with IR prior to isolation from cells or after isolation (Figure 8b ). This indicated that a fully functional electron transport chain was not required for IR to induce change in mitochondrial permeability and cyto c release.
ATP and Apaf-1 are required for IR-induced apoptosis
Since activation of the caspase cascade upon cyto c release has been shown to require ATP and Apaf-1 (Zou et al., 1999) , we next investigated if IR induced apoptosis also involved these components. To test the requirement for ATP we used cell free assay for apoptosis as described above except that an excess of AMP-PNP (a non-hydrolyzable form of ATP) was added. As shown in Figure 9a , the presence of AMP-PNP inhibited apoptosis in a cell free system using mitochondria from irradiated cells and cytosol from naõÈ ve cells. Next we examined if Apaf-1 was also required for IR-induced apoptosis. NaõÈ ve Jurkat cell nuclei appeared apoptotic when incubated with cytosolic extract from irradiated Apaf-1 heterozygous ®broblasts ( Figure 9b ). As expected, extracts prepared from the same cells in the absence of irradiation failed to induce apoptosis onto Jurkat nuclei (data not shown). When the cytosolic extracts were prepared from ®broblasts that were homozygous null at the Apaf-1 locus, there was a greatly diminished level of apoptosis. To further delineate that the inability of the Apaf-1 de®cient cells to induce apoptosis was due to the lack of a cytosolic component, i.e. Apaf-1, we isolated mitochondria from Apaf-1 heterozygous cells and incubated them with cytosol prepared from Apaf-1 heterozygous or homozygous null cells. Addition of IR-treated mitochondria (derived from Apaf-1 heterozygous cells) but not untreated mitochondria to cytosol derived from Apaf-1 heterozygous cells resulted in activation of the apoptotic cascade (Figure 9c ). In contrast when the cytosol was derived from Apaf-1 de®cient cells, IR-treated mitochondria were not able to activate the apoptotic cascade as eciently ( Figure  9c ) indicating that cytosolic Apaf-1 was an essential cofactor for activation of apoptosis.
The role of Bcl-X L in IR-induced apoptosis
To better de®ne the role of Bcl-X L in IR-induced apoptosis we utilized MCF-7 and Jurkat cells that overexpress Bcl-X L . Over-expression of Bcl-X L in MCF-7 cells attenuated the loss of mitochondrial membrane potential and permeability in response to IR ( Figure  10a) . We utilized the in-vitro assay for apoptosis to determine the role of Bcl-X L in IR induced apoptosis. First we isolated mitochondria from Bcl-X L overexpressing or wild-type Jurkat cells and examined their ability to mediate IR-induced apoptosis by incubating them with a cytosolic fraction derived from wild-type Jurkat cells. As shown in Figure 10b , irradiated but not control mitochondria isolated from wild-type cells were able to induce apoptosis while mitochondria isolated from Bcl-X L over-expressing cells had a signi®cantly decreased ability to activate apoptosis upon irradiation. Similar results were obtained when mitochondria were derived from MCF-7 cells (data not shown). In a complementary experiment we isolated mitochondria from (control or irradiated) Jurkat cells and incubated them with a cytosolic fraction derived from wild-type Figure 8 Mitochondria from rho cells (r8) can initiate IRinduced apoptosis. Jurkat and Jurkat (r8) cells were irradiated with 10 Gy of IR and percentage of cells undergoing apoptosis was determined using PI staining (a). Mitochondria from Jurkat derived r8 cells were irradiated (5 Gy) or left untreated and then assayed for their ability to initiate apoptosis in a cell free system. As a positive control, mitochondria were isolated from irradiated Jurkat cells and r8 cells and tested for their ability to initiate apoptosis. The presented data are derived from at least three experiments with the standard deviations shown or Bcl-X L expressing Jurkat cells. Irradiated mitochondria were able to activate apoptosis when incubated with cytosol derived from wild-type cells, while cytosol derived from Bcl-X L expressing Jurkat cells had a diminished ability to support apoptosis (Figure 10b ) even in the presence of cyto c in the supernatant (Figure 10c ). Cyto c was present in cytosolic fractions derived from irradiated Jurkat cells but not Bcl-X L over-expressing Jurkat cells (Figure 10c ). In addition, cyto c was detected in the supernatant when mitochondria derived from wild type cells but not Bcl-X L overexpressing Jurkat cells were irradiated (Figure 10c ). These results indicate that Bcl-X L can inhibit IRinduced apoptosis by preventing the loss of DCm and permeability as well as release of cyto c.
Discussion
Understanding the primary target and associated pathways for IR-induced apoptosis will provide an opportunity to modulate radiosensitivity of tumor cells. Our current understanding of the apoptotic machinery is that the activation of the caspase cascade can be initiated by two major pathways; one that occurs through activation of death receptors such as Fas(CD95) and TNFRI and the other through the loss of mitochondrial integrity and subsequent release of cyto c. To investigate which of these two events played a central role in IR-induced apoptosis we utilized the following approaches. First, we investigated if caspase-8 (primarily involved in death receptor mediated apoptosis) or caspase-9 (primarily involved in apoptosis mediated by mitochondrial events) was required for IR-induced apoptosis. Our results from experiments that inhibited each of the two initiator caspases using dominant negative protein strategies as well as inhibitory peptides (data not shown) indicated that caspase-9 was critical for ecient activation of IRinduced apoptosis. This therefore implied a minor role for receptor mediated activation of the caspase cascade and a major role for mitochondrial events in the initiation of IR-induced apoptosis. Our previous studies support this observation (Rehemtulla et al., 1997) . MCF-7 cells overexpressing Fas receptor were greatly sensitized cells to UV, however, the sensitivity of these cells to IR-induced apoptosis was unaltered compared to the parental controls (MCF-7) suggesting that the Fas receptor was not involved in IR-induced apoptosis (Rehemtulla et al., 1997) . Moreover, expression of a dominant negative mutant of FADD (blocks death receptor signaling) in BJAB as well as MCF-7 cells inhibited UV-induced apoptosis signi®cantly but had no eect on IR-induced apoptosis. These results are in agreement with recent reports that mice lacking caspase-9 have an intact pathway for Fas-receptor induced apoptosis but not IR-induced apoptosis (Kuida et al., 1998; . In addition, mice lacking the Apaf-1 gene have also been shown to be resistant to IR-induced apoptosis (Yoshida et al., 1998) . This provides further support for the critical role of mitochondrial events in the initiation of IR-induced apoptosis. Datta et al. (1997) demonstrated that IR- Figure 9 ATP and Apaf-1 are required co-factors for IRinduced apoptosis. Mitochondria from irradiated or control Jurkat cells and cytosol from untreated Jurkat cells were incubated with naõÈ ve nuclei in the presence or absence of AMP (100 nM). Percentage of nuclei appearing apoptotic at various times was determined using DAPI staining (a). Cytosol from irradiated Apaf-1 homozygous null and heterozygous ®broblasts was prepared and incubated with naõÈ ve nuclei to determine its apoptotic potential (b). Mitochondria isolated from control or irradiated Apaf-1 heterozygous ®broblasts were incubated with cytosol derived from untreated Apaf-1 heterozygous or null ®broblasts and nuclear apoptosis was determined as described above (c). The presented data are derived from at least three experiments with the standard deviations shown induced apoptosis could be inhibited by the baculovirus derived caspase inhibitor, p35 and not the cowpox virus derived caspase inhibitor CrmA. Since CrmA is primarily an inhibitor of Caspase-8 (Zhou et al., 1997 ; it inhibits Fas and TNF induced apoptosis) these results indicate that IR-induced apoptosis does not involve death receptor activation. Similarly, Kataoka et al. (1998) demonstrated that Jurkat cells expressing FLIP (I-FLICE), a natural cellular inhibitor of Caspase-8, were resistant to Fas induced apoptosis but not IR-induced apoptosis indicating that IRinduced apoptosis involves a mechanism that is distinct from death receptor-induced apoptosis. Recently, Newton and Strasser (2000) , demonstrated that lymphocytes from transgenic mice that over-express the FADD-DN molecule are resistant to Fas induced apoptosis but not IR-induced apoptosis. These results are also in agreement with the observation that mouse embryonic ®broblasts derived from mice lacking the FADD gene (Yeh et al., 1998) or the caspase-8 gene (Varfolomeev et al., 1998) are still able to undergo IRinduced apoptosis. Our present studies also demonstrate that a signi®cant level of cross talk may occur between the two major initiation pathways. This was apparent from the fact that inhibition of caspase-8 resulted in a small but consistent decrease in the eciency of IR-induced apoptosis. We propose that caspase-8 activation may be important in the ampli®ca-tion of the caspase cascade since caspase-8 mediated cleavage of Bid would result in cyto c release from mitochondria further promoting activation of the caspase cascade (Luo et al., 1998) .
To emphasize a role for the mitochondria in initiating IR-induced apoptosis we demonstrate that IR results in a rapid loss DCm as seen by a loss of teramethylrhodamine¯uorescence as well as changes in mitochondrial membrane permeability as witnessed by the entry of calcein into mitochondria after irradiation. The loss of DCm has been previously shown to occur upon treatment with a number of mitochondrial poisons that can result in the release of cyto c and changes in mitochondrial respiration and generation of reactive oxygen species (ROS). Generation of ROS within the mitochondria has also been shown to mediate apoptosis (Cai and Jones, 1998) . Our observation that an early increase in ROS levels following IR as well as the ability of NAC to inhibit IR-induced apoptosis suggests that IR mediated ROS production may be important in the initiation of apoptosis. Our data also indicate that the ability of IR to initiate Figure 10 Bcl-X L expression protects cells from IR-induced loss of mitochondrial membrane potential, PTP opening, cytochrome c release and apoptosis. MCF-7 and MCF-7/Bcl-X L cells were loaded with tetramethylrhodamine (TMRM) and Calcein, washed and then treated with IR (10 Gy) after which images were taken every 15 min using a confocal microscope. Representative images are shown for speci®c times for untreated control as well as IR treated cells. Loss of mitochondrial membrane potential was determined by the decrease in TMRM¯uorescence compared to control. Opening of PTP was visualized by the loss of dark voids due to entry of calcein into mitochondria (a). Mitochondria were isolated from Jurkat cells as well as Bcl-X L over-expressing Jurakt cells (Jurkat/Bcl-X L ) and treated with 5 Gy or left untreated. The ability of these mitochondria to initiate apoptosis was analysed by incubating them with cytosol and nuclei derived from mitochondrial events that lead to cyto c release and apoptosis is not dependent on the electron transport chain since mitochondria from r8 cells were equally able to initiate IR induced apoptosis. Taken together these results suggest that ROS production upon IR is critical for initiation of apoptosis and that ROS produced by the electron transport chain may be an epiphenomenon. Majima et al. (1998) as well as have demonstrated that ROS may be responsible for changes in DCm. These changes could subsequently result in PTP opening and release of apoptotic factors such as cyto c. Our results indicate that in response to IR both loss of DCm and mitochondrial membrane permeability were mediated by PTP opening since CsA pretreatment inhibited both these events as well as apoptosis.
Two co-factors necessary for cyto c mediated activation of caspase-9 (Apaf-1 and ATP) were also shown to be required for the initiation of IR-induced apoptosis in cell free assay. This was demonstrated by the fact that cytosol from Apaf-1 de®cient cells was not able to support apoptosis in a cell free system and that a non-hydrolyzable form of ATP inhibited apoptosis in an in-vitro assay. Using puri®ed cellular fractions in an in-vitro assay, we also demonstrate that mitochondria from irradiated cells were sucient to initiate apoptosis in the presence of naõÈ ve cytosol. In addition, the ability of isolated untreated mitochondria to initiate apoptosis only upon irradiation suggests that IR has a direct eect on mitochondria which results in release of cyto c and therefore initiation of the apoptotic cascade.
Bcl-X L expression protected cells from radiationinduced loss of mitochondrial membrane potential, PTP opening and cyto c release. Bcl-X L was also able to inhibit apoptosis in an in-vitro assay. The ability of Bcl-X L to inhibit apoptosis has been attributed to its role in maintaining mitochondrial homeostasis (Vander Heiden et al., 1997) . Apoptosis was inhibited when mitochondria used in the assay were derived from Bcl-X L over-expressing cells compared to control cells as well as when the cytosol was derived from Bcl-X L over-expressing cells. The ability of cytosolic and mitochondria associated Bcl-X L to inhibit apoptosis suggests that Bcl-X L may have multiple roles in preventing IR-induced apoptosis. For example, Bcl-X L may protect mitochondria from losing their membrane potential (by maintaining homeostasis) as well as PTP opening and cyto c release and in addition it may function as a regulator of the Apaf-1/caspase-9 complex as has been previously demonstrated (Hu et al., 1998; Pan et al., 1998) .
Materials and methods
Cell culture and stable transfectants
Cells were maintained in RPMI 1640 containing 10% heatinactivated fetal calf serum, 1% non-essential amino acids, 1% L-glutamine, 100 units/ml penicillin, and 100 mg/ml streptomycin at 378C in an atmosphere of 5% CO 2 . To establish cells stably expressing dominant negative caspase-9 (caspase-9DN) and caspase-8 (caspase-8DN), Jurkat (ATCC) and MCF-7 cells (Tewari and Dixit, 1995) were cotransfected with puromycin (Clontech, CA, USA) and expression plasmids pcDNA3-hemagglutinin (HA)-caspase-9DN or pcDNA3-Flag-caspase-8DN (gift from Dr Dixit; Pan et al., 1998) using Lipofection (Gibco ± BRL). Stable transfectants were selected in the presence of puromycin (1 mg/ml) and screened for the expression of caspase-9DN or caspase-8DN by immunoblotting using antibodies to Flag or HA tag. MCF-7 and Jurkat cells overexpressing Bcl-X L were described before (Tewari and Dixit, 1995) .
Irradiation
Cells were irradiated at room temperature using 60 Co source at 1 ± 2 Gy/min. Dosimetry was carried out using an ionization chamber connected to an electrometer system that was directly traceable to a NIST standard. UV-irradiation was performed using a germicidal lamp and standardized using a UV-meter.
Analysis of cell morphology
Apoptotic morphology was assessed by using propidium iodide (Sigma, St. Louis, MO, USA) as described (Rehemtulla et al., 1999) .
Immunocytochemistry and immunoblotting
MCF-7 cells were grown on 1 mm glass coverslips for 24 ± 48 h and left either untreated or were treated with 10 Gy of IR. Twenty-four hours later, coverslips were rinsed with PBS and then ®xed with methanol : acetone (1 : 1) for 2 ± 3 min at room temperature. After ®xation, coverslips were air dried and incubated with anti-cyto c antibodies (Pharmingen, 1 : 400 dilution) in PBS, 3% BSA at 378C for 2 ± 3 h. Coverslips were washed with PBS to remove excess antibody and incubated with¯uorescent conjugated secondary antibody (Alexa 480; Molecular Probes, OR), diluted (1 : 500) in PBS and 3% BSA at room temperature for 1 h. Coverslips were rinsed in PBS, mounted on glass slides using antifade reagent (Biorad, CA, USA) and analysed using Zeiss laserscanning microscope equipped with 488 nm-argon laser.
Cytosolic fractions from untreated and treated cells were analysed for the presence of cytochrome c by immunoblotting using monoclonal antibodies against cytochrome c (Pharmingen, CA, USA).
Evaluation of mitochondrial permeability transition by laser scanning confocal microscopy
Mitochondrial membrane potential (DCm) and membrane permeability transition (MPT) were monitored as described (Nieminen et al., 1995) . Brie¯y, 1610 5 MCF-7 cells were cultured on 22 mm round glass coverslips and incubated with 150 nM tetramethylrhodamine methyl ester (TMRM) and 1 mM calcein acetoxymethyl ester (Calcein-AM) in culture medium for 15 min at 378C. Cells were exposed to ionizing radiation and mounted on the microscope stage in Hank's Balanced Salt Solution containing 3 mM propidium iodide as an indicator of cell viability. Images were collected utilizing a Noran OZ Laser Scanning Confocal Microscope (Middleton, WI, USA) equipped with a Krypton-Argon 50 mW multi-line laser.
Preparation of cytosolic extracts
Untreated and treated cells were collected by centrifugation at 200 g for 5 min at 48C after irradiation at various time points. The cells were washed with ice-cold phosphate buered saline (PBS). The pellet was suspended in cold hypotonic buer (20 mM PIPES, pH 7.4, 1.5 mM MgCl 2 , 10 mM KCl, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol and protease inhibitor cocktail (BMB, Germany) containing 250 mM sucrose). The cells were homogenized using a dounce homogenizer. After centrifugation at 400 g for 5 min, the supernatants were further centrifuged at 100 000 g at 48C for 30 min. The resulting supernatant was used as a soluble cytosolic fraction (S-100).
Preparation of nuclei
Jurkat cells were washed with cold PBS, suspended in hypotonic buer (10 mM HEPES (pH 7.5), 2.3 M sucrose, 15 mM KCl, 2 mM sodium EDTA, 0.2 mM spermine, 0.2 mM spermidine, 1 mM DTT and cocktail of protease inhibitors (BMB, Germany)), mechanically disrupted with dounce homogenizer and centrifuged at 1000 r.p.m. Supernatant was layered on to homogenization buer containing 2.3 M sucrose and centrifuged at 25 000 r.p.m. for 90 min in a SW 28 rotor at 48C. The nuclear pellet obtained was resuspended in buer containing 10 mm PIPES (pH 7.4), 80 mM KCl, 20 mM NaCl, 5 mM EGTA, 250 mM sucrose and 1 mM DTT and stored at 7808C in small aliquots.
Preparation of mitochondria
Mitochondria were isolated from Jurkat cells by density gradient centrifugation. Cells were dounce homogenized after a brief exposure to hypotonic buer containing 210 mM Mannitol, 70 mM sucrose, 10 mM HEPES (pH 7.5), 1 mM EDTA, 0.45% BSA. The homogenate was centrifuged for 2 min at 1400 g and supernatant was spun at 13 000 g for 6 min. The resulting pellet was suspended in hypotonic buer and layered on 20 ml of 1.2 M sucrose, 10 mM HEPES, 1 mM EDTA and 0.1% BSA. The bottom layer contained 20 ml of 1.6 M Sucrose, 10 mM HEPES, 1 mM EDTA and 0.1% BSA. Tubes were centrifuged at 27 K for 2 h and mitochondria were isolated at the interface. Mitochondria were resuspended in mitochondrial buer and used within 4 ± 6 h.
In vitro apoptosis assay
Isolated nuclei were incubated with cytosolic extracts from irradiated cells in the presence or absence of mitochondria in a reaction buer containing 10 mM HEPES, pH 7.0, 40 mM-b glycerophosphate, 50 mM NaCl, 2 mM MgCl 2 , 5 mM EGTA, 1 mM DTT, 2 mM ATP, 10 mM creatine phosphate, 50 mg/ml creatine kinase at 378C. At regular intervals 10 ml aliquots were stained with 10 mg/ml of 4',6-diamino-2-phenylindole (DAPI, Molecular Probe) in 200 mM sucrose, 5 mM MgCl 2 , 15 mM PIPES [pH 7.4], 80 mM KCl, 15 mM NaCl, 5 mM EDTA and 3.7% (v/v) formaldehyde. Nuclei were observed under a¯uorescent microscope for nuclear morphology. A total of 100 ± 200 nuclei were counted from each sample at each time point.
